Background: Plasma fatty acids may affect the risk of cognitive decline in older adults. Objectives: We prospectively studied the association between plasma fatty acids and cognitive decline in adults aged 50 -65 y at baseline and conducted a subgroup analysis. Design: From 1987 through 1989, the Atherosclerosis Risk in Communities (ARIC) Study analyzed plasma fatty acids in cholesteryl esters and phospholipids in whites residing in Minneapolis, MN. From 1990 through 1992 and from 1996 through 1998, 3 neuropsychological tests in the domains of delayed word recall, psychomotor speed, and verbal fluency were administered. We selected cutoffs for statistically reliable cognitive decline in each of these domains and a measure of global cognitive change computed by principal-components analysis. Multivariate logistic regression was conducted. Focusing on nҀ3 highly unsaturated fatty acids (HUFAs), a subgroup analysis assessed differential association across potential effect modifiers implicated in oxidative stress and increased risk of neurodegenerative disease. Results: In the 2251 study subjects, the risk of global cognitive decline increased with elevated palmitic acid in both fractions and with high arachidonic acid and low linoleic acid in cholesteryl esters. Higher nҀ3 HUFAs reduced the risk of decline in verbal fluency, particularly in hypertensive and dyslipidemic subjects. No significant findings were shown for psychomotor speed or delayed word recall. Conclusions: Promoting higher intakes of nҀ3 HUFAs in the diet of hypertensive and dyslipidemic persons may have substantial benefits in reducing their risk of cognitive decline in the area of verbal fluency. However, clinical trials are needed to confirm this finding.
INTRODUCTION
The effect of dietary intake on cognitive functioning has drawn interest over the past few years. Several epidemiologic studies have shown that nҀ3 fatty acids in blood differ significantly between persons with normal cognitive functioning and those with some form of cognitive impairment (1) (2) (3) . These fatty acids in biomarkers of lipid intake have been historically associated with a lower risk of cardiovascular disease, including stroke (4) and coronary heart disease (5, 6) . They were also linked with greater insulin sensitivity (7), a lower risk of dyslipidemia (8) , a hypocoagulable profile (9) , greater pulmonary function (10) , and a lower risk of major depression (11) , among other health benefits.
Many of these conditions were related to greater oxidative stress (12) (13) (14) (15) (16) (17) , which in turn causes neuronal loss and cognitive impairment in older adults (18) . Consequently, it is essential to unveil any putative interaction between these conditions and the ability of this class of fatty acids to fulfill their beneficial effects. In addition, a genetic factor (ApoE 4 allele) has been consistently associated with greater risks of cognitive decline (19, 20) and progression from the preclinical stage to Alzheimer disease (21) . It has also been associated with higher levels of oxidative stress (22) .
The current study assessed the association of plasma cholesteryl ester and phospholipid concentrations of nҀ3 fatty acids with decline in 3 areas of cognition. We conducted a subgroup analysis of possible interaction between nҀ3 fatty acids and high levels of oxidative stress and the risk of neurodegenerative disease. We hypothesized that those subgroups with elevated physiologic oxidative stress would benefit most from higher intakes of dietary nҀ3 fatty acids as measured by plasma concentrations in cholesteryl esters and phospholipids. The main rationale behind this hypothesis is that oxidative stress triggers neurodegenerative processes by depleting the brain of vulnerable highly unsaturated fatty acids (HUFAs). Their replenishment, which can be achieved by increased dietary intake, can lead to the prevention of cognitive decline.
SUBJECTS AND METHODS

Subjects
The Atherosclerosis Risk in Communities (ARIC) Study is a cohort study established in 1987. It was designed to investigate the etiology of atherosclerosis and its clinical sequelae. In the original study, approximately 4000 adults aged 45-64 y were recruited in each of 4 US communities-Forsyth County, NC; Jackson, MS; suburbs of Minneapolis, MN; and Washington County, MD (for a total of 16 000 subjects)-and invited to 4 examinations 3 y apart (between 1987 and 89, between 1990 and 1992, between 1993 and 1995 , and between 1996 and 1998), termed visits 1 through 4, respectively. Three of the 4 cohorts represented the ethnic mix of their communities, whereas in Jackson, MS, only African American residents were recruited (23) .
In the current study, we focused on subjects with complete plasma fatty acid data, which were collected and analyzed at visit 1 (1987-1989) at the ARIC Study field center in Minneapolis (n ҃ 3570). We excluded those aged 50 y because research clearly shows that the risk of cognitive decline in general, and of dementia in particular, is negligible before the age of 60 y (24), which is the age at which the youngest persons in the cohort were reexamined at visit 4. After exclusion of those without cognitive testing at visits 2 and 4, the remaining sample available for analysis was 2251 subjects.
Cognitive assessment
Three measurements of cognitive functioning were made during visits 2 and 4 of the ARIC Study. These measurements relied on the following instruments: the Delayed Word Recall Test (DWRT; 25); the Digit Symbol Substitution Test portion of the Wechsler Adult Intelligence Scale-Revised (DSST/WAIS-R; 26), and the Word Fluency Test (WFT) of the Multilingual Aphasia Examination, also known as the controlled oral-word association (27) .
Delayed Word Recall Test
The DWRT screening tool assesses verbal learning and recent memory. It requires the respondent to recall 10 common words after a 5-min interval during which another test is administered. Test scores may range between 0 and 10 words recalled, and the time limit for recall is set at 60 s. The 6-mo test-retest reliability of the DWRT was previously shown to be high in 26 healthy elderly persons (Pearson correlation coefficient, r ҃ 0.75) (25) .
Digit Symbol Substitution Test of the Wechsler Adult Intelligence Scale-Revised
The DSST/WAIS-R is a paper-and-pencil test requiring timed translation of numbers 1 through 9 to symbols with the use of a key. The test measures psychomotor performance and, for most adults, is relatively unaffected by intellectual ability, memory, or learning (27) . It appears to be a sensitive and reliable marker of brain damage (28) . The test score can range from 0 to 93, and it reflects the correctly translated number of digit-symbol pairs within a time limit of 90 s. Short-term test-retest reliability over 2-5 wk has been found to be high (r ҃ 0.82) in persons aged 45-54 y (26) .
Word Fluency Test
The WFT requires subjects to think of as many words beginning with the letters F, A, and S as possible and to record these words in 60 s for each of the 3 groups of words. The total score corresponds to the total number of words generated during these 3 trials. The test is particularly sensitive to linguistic impairment (27, 29) and early mental decline in older persons (30) . It is also a sensitive marker of damage in the left lateral frontal lobe (27, 29) . The immediate test-retest correlation coefficient based on an alternative test form has been found to be high (r ҃ 0.82; 31).
Decline in the 3 separate areas of cognition was assessed. Cutoffs were determined for decline in each domain of cognition by using the Reliable Change Index (RCI) method to correct for measurement error and practice effects (32) . RCI is defined as [(X 2 -X 1 )-(M 2 -M 1 ))/SD of the difference, where X 1 is the person's score at baseline, X 2 is the person's score at follow-up, M 1 and M 2 are the group mean pretest and follow-up scores, respectively, and SD of the difference is the observed SD of the difference scores. Scoring below an RCI of Ҁ1.645 was regarded as showing a "statistically reliable" deterioration in test scores. A composite measure of the 3 RCIs (obtained from DWRT, DSST, and WFT change scores) to assess global cognitive decline (GCD) was created by using principal-components analysis (PCA). Similarly, the cutoff chosen corresponded to a composite score of reliable decline Ҁ1.645. Multivariate analysis included control for the baseline cognitive score in its continuous form (assessed at visit 2) on the particular instrument. Models with GCD as the main outcome controlled for the baseline measure of GCD. Similar approaches were previously used by others (33, 34) .
Plasma fatty acid exposures
Twelve-hour fasting blood was collected according to the ARIC Study-wide protocol. The Minneapolis field center conducted fatty acid analysis in plasma phospholipid and cholesteryl ester fractions on visit 1 blood specimens. The procedure is described in detail elsewhere (35) . The identity of 28 fatty acid peaks was shown by gas chromatography by comparing each peak's retention time to the retention times of fatty acids in synthetic standards of known compositions. The relative amount of each fatty acid (as a percentage of all fatty acids) was computed by integration of the area under the peak and division of the result by the total area for all fatty acids (҂100). Data from the chromatogram were transferred electronically to a computer for analysis. Fatty acids are expressed as a percentage of the total in each fraction. Although all groups of fatty acids [saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), linoleic acid (LA), ␣-linolenate (LNA), and nҀ3 and nҀ6 HUFAs)] were assessed in relation to GCD, one main exposure of interest was considered for domain-specific and interaction analysis-ie, eicosahexaenoic acid (EPA) ѿdocosahexaenoic acid (DHA) (20:5 ѿ 22:6nҀ3, respectively), which were also the nҀ3 HUFAs. Test-retest reliability coefficients (subjects sampled 3 times at 2-wk intervals) for various plasma fatty acids ranged from 0.50 to 0.93 for cholesteryl esters and from 0.50 to 0.89 for phospholipids (36) .
Covariates
Most covariates considered were measured at visits 1 or 2, although some were defined according to measurements that spanned all 4 visits. Age, sex, and education were all selfreported. Behavioral factors measured at visit 1 included smoking, alcohol and caffeine consumption, and physical activity (37) . A validated index of physical activity, derived at visit 1, summed sports, work, and leisure indexes, which ranged from a score of 1 (low) to a score of 5 (high) (38) . Body mass index (BMI; in kg/m 2 ) was computed at visit 1. Baseline dietary intakes of antioxidants and other micronutrients (mainly vitamins B-6 and B-12 and folate) were also considered. The usual dietary intake of these nutrients was estimated from an intervieweradministered semiquantitative food-frequency questionnaire (FFQ) modified from a 61-item questionnaire developed and validated by Willett et al (39) against multiple food records among a subsample of the Nurses' Health Study cohort. Results of the validation study suggested that, for all nutrients considered, only ͨ3% extreme quintile misclassification was seen, and that overlap between the upper 2 and lower 2 quintiles between the 2 methods was 70% (39). Daily intake of nutrients has been calculated by multiplying the nutrient content of each food in the portion specified by the frequency of daily consumption and summing the results. The nutrient content of each food was obtained from the Harvard Nutrient Database, for which the primary source was the Department of Agriculture handbook (40) . All of these covariates were considered as potential confounders in the multivariate analysis. Potential effect modifiers were grouped as genetic (presence of ApoE 4 allele) and comorbid conditions. To measure hypertensive status, blood pressures were calculated as the average of the second and third of 3 consecutive measurements taken with a random-zero sphygmomanometer (DINAMAP* 1846 SX automated oscillometer; Critikon, Inc, Tampa, FL). The cutoff often used for hypertension is ͧ140 mm Hg for systolic (SBP) and ͧ90 mm Hg for diastolic (DBP) blood pressure. Hypertensive subjects were defined as those who screened positive for measured hypertension at any visit of visits 1 through 4 or who were taking antihypertensive medication during the 2 wk immediately before any of the visits. Other conditions included stroke or transient ischemic attacks (TIAs), type 2 diabetes mellitus (defined as fasting blood glucose ͧ 140 mg/dL, self-reported diabetes, or the use of glucoselowering medication), and dyslipidemia [fasting blood HDL cholesterol 40 (men) or 50 (women) and triacylglycerol level 150 mg/dL as recommended by the National Cholesterol Education Program (41)] at any visit, hypercoagulable profile (upper quintile of ͧ2 of fibrinogen, van Willebrand factor, and factor VIII), poor pulmonary function [forced expiratory volume in 1 s (FEV 1 ) to forced vital capacity (FVC) ͨ 0.70 as measured by a spirometer at visits 1 or 2], and depressive symptoms at visit 2 using 21-item vital exhaustion scale (42, 43) . A binary cutoff for depression was chosen on the basis of the 80th percentile of the scale scores.
Statistical analysis
We carried out univariate analyses of predictor and outcome variables as well as covariates. For bivariate analyses of exposure and outcome, we computed means of predictor variables across outcome groups (0: no decline; 1: declined) and assessed statistical significance of differences by using an independent-sample t test for continuous predictors and the chi-square test for categorical predictors at ␣ of 0.05. We computed the ORs of decline by each 1-SD change in exposure by conducting multivariate logistic regression analysis. Control for confounding was done using backward elimination, retaining in the model those variables that changed the estimated effect (odds ratio) of the exposure by 5%. This level is more suitable than 10% because the sensitivity of odds ratios to confounding effects tends to increase with increase in sample size (44) . After obtaining a parsimonious model, we first presented odds ratios for global cognitive decline and plasma concentrations of various groups of fatty acids. Subsequently, and focusing on nҀ3 HUFAs, we presented stratumspecific odds ratios for each subgroup of interest (eg, hypertensives versus normotensives). We also carried out multivariate logistic regression models adding the interaction term (nҀ3 HUFA ҂ binary subgroup variable) into a model with the main effects included as well (ie, nҀ3 HUFA and binary subgroup variable). We compared this model with the one without the interaction term and used likelihood ratio tests to assess statistical significance of interaction between exposure and potential effect modifiers in determining the outcome. For this purpose, a type I error level of 0.10 was considered valid (45, 46) . Statistical analyses were conducted with STATA software (version 8.2; Stata Corp, College Station, TX; 47).
RESULTS
Baseline characteristics
A total of 2251 study subjects had complete plasma analysis at visit 1 and cognitive decline data between visits 2 and 4. All subjects were white men and women residing in the suburbs of Minneapolis (one of the ARIC Study centers). Looking at distribution of characteristics of this sample of subjects by cognitive status, those who did not decline differed from those who did on several demographic, behavioral, and health-related factors. Specifically, they were on average younger and more physically active, reported less depressive symptoms, and had a relatively hypocoagulable profile. Those who declined compared with those who did not, also had higher baseline cognitive score and as expected, greater decline in cognitive function between the 2 visits ( Table 1) .
Plasma fatty acids and global cognitive decline
The mean plasma concentration of individual as well as families of fatty acids across global cognitive decline categories is shown in Table 2 . Within the cholesteryl ester fraction, those who declined had higher concentrations of palmitic and arachidonic acids and lower concentration of linoleic acid. After control for other potentially confounding factors, including other fatty acids, total PUFAs, total nҀ6 PUFAs, and linoleic acid, were all inversely related to decline, whereas a higher concentrations of arachidonic acid remained a significant risk factor for decline. In the plasma phospholipid fraction, the unadjusted means revealed the same pattern across cognitive status. However, adjusted odds ratios of decline with each SD increment in these fatty acids did not differ significantly from the null value of 1, with the exception of palmitic acid (an SFA), which was consistently associated positively with the risk of cognitive decline. Hence, nҀ3 PUFAs in general and DHAѿEPA in particular had no significant effect on global cognitive decline.
n؊3 Fatty acids and cognition: a subgroup analysis
A set of multivariate logistic models of plasma nҀ3 HUFAs (DHAѿEPA) on cognitive decline in the 3 areas of interest as well as globally for both the cholesteryl ester and phospholipid fractions is shown in Table 3 . Covariates considered as potential confounders included baseline cognitive score and demographic, behavioral, and nutritional factors (including other groups of PLASMA nҀ3 FATTY ACIDS AND COGNITIVE DECLINE fatty acids in that particular fraction). In contrast to what was noted in Table 2, Table 3 shows that the greater DHAѿEPA was associated with less decline in verbal fluency (WFT) for both cholesteryl ester and phospholipid fractions (Odds ratios were: 0.74 (0.57, 0.97) and 0.73 (0.58, 0.93), respectively).
Subgroup analysis by selected cardiovascular, genetic, and other health conditions associated with greater oxidative stress indicated that some of these factors may modify the effect of DHAѿEPA on the main outcomes of interest. In particular, when the outcome was decline in verbal fluency (WFT), DHAѿEPA was mostly protective among hypertensive subjects for both the cholesteryl ester and phospholipids fraction and among dyslipidemic subjects for the phospholipids fraction only. In addition, a higher plasma phospholipids concentration of nҀ3 HUFAs was protective against decline in verbal fluency only among subjects with a lower score on depressive symptoms. These significant findings are based on likelihood ratio test at type I error of 0.10. For all other domains of cognition (DWRT and DSST/ WAIS-R), there were weak to null effects of DHAѿEPA on cognitive decline in both fraction (cholesteryl esters and phospholipids), overall and across subgroups.
DISCUSSION
This is one of the few published reports on the association of plasma fatty acids with cognitive decline among middle-aged and older adults using a prospective cohort design. Our findings indicated global cognitive decline was affected by a greater relative amount of palmitate (an SFA) in both fractions. In cholesteryl esters, risk of global cognitive decline was increased by a greater arachidonic acid concentration (an nҀ6 HUFA) and a lower amount of linoleic acid (an nҀ6 medium-chain PUFA), even after control for several demographic, behavioral, and nutritional factors. These factors were shown previously to influence plasma fatty acids (48) as well as cognitive decline (49) . It is worth noting that most of our models did not retain 2 potential confounders, which most often were other fatty acid groups in the plasma fraction. More important, lower concentrations of our main exposure of interest-nҀ3 HUFAs (mainly DHA and EPA)-was associated with a higher risk of decline in verbal fluency, particularly among hypertensive and dyslipidemic subjects and in those who were less depressed at baseline. These interactions, however, were only consistent between cholesteryl ester and phospholipid fractions of plasma for hypertensive status, which may suggest a specific mechanism involving high blood pressure. No effect was observed on delayed word recall (DWRT) or psychomotor speed (through DSST/WAIS-R test) among any of the subgroups considered. Additional linear regression analyses of the association between nҀ3 fatty acids and baseline cognitive scores in the total sample shows a positive and significant relation in the case of verbal fluency and global cognitive functioning for both cholesteryl esters and phospholipids. In our logistic regression models of cognitive decline and nҀ3 fatty acids (Tables 2 and 3) , those specific outcomes retained the baseline score on selection of potential confounders. Our study included a group of white, middle-aged men and women residing in the suburbs of Minneapolis. They were in general highly educated; very few had less than a high school education. Because education tends to affect most neuropsychological tests, having a relatively homogenous group remained an advantage, even as we were able to control for educational level in the analysis. Average changes in cognitive scores over a period of 6 y were relatively small when looking at the range of values that each test can take. Another strength was the use of the RCIs with a cutoff of Ҁ1.645, which was validated in previous neuropsychological research as a method to reflect statistically reliable deterioration in the test scores, given that RCIs capture participants with changes in cognitive function tests that probably lie outside the range of random error. RCIs were also shown to adjust for measurement error and practice effects (32) . The study had a few limitations. First, it made use of tissue composition of fatty acids, which does not necessarily reflect the proportion of fatty acids in the diet. Nevertheless, the ARIC Study had also collected dietary intake data by using a semiquantitative FFQ at the same baseline visit (ie, visit 1). A study by Ma et al (35) showed that intake of DHA and EPA in the ARIC Study was highly correlated with their concentrations in both cholesteryl esters and phospholipids. Previous studies also indicated that plasma concentrations of HUFAs may also be a good reflection of long-term dietary intake (48, 50 -53) . In addition, repeated measures of a subsample of the plasma specimens collected by the ARIC Study Minnesota center indicated that fatty acid concentration in both fractions is reliable over the short and long term (reliability coefficient for most fatty acids: ͧ 0.65), which indicates little intraindividual variability (36) . It was shown that low reliability may lead to attenuation of causal effects and this fact should also be taken into consideration (54) . However, the main advantage of using a biomarker rather than a self-report of intake is that we are certain that errors in the exposure are independent of errors in our outcome measure. This independence of exposure errors from outcome status would in most cases lead to an attenuation of effect in the presence of measurement error and hence lead to an odds ratio that is biased toward the null value of 1. Another limitation is that the sum of fatty acids in each fraction is 100. Therefore, a higher percentage of a specific group (eg, SFAs) will automatically reflect a lower percentage of another. Hence, there is a problem of interdependence which makes it difficult to interpret the effect of a single constituent or group of constituents. We are also unable to translate these findings quantitatively into dietary recommendations (eg, number of servings of fish per week). In terms of timing of the exposure, one limitation is that it does not reflect the period in which cognitive decline is taking place but rather predates it by 3 y. A final limitation of the current study is the relatively narrow scope of the cognitive assessment. A more detailed assessment might have revealed associations undetected by the current measures.
Previous observational studies suggested that the biochemical composition of blood components in terms of fatty acids differs significantly between subjects with normal cognitive functioning and patients with some form of cognitive impairment. A study by Conquer et al (1) found that a lower plasma concentration of nҀ3 fatty acids, and in particular DHA, is associated with Alzheimer disease as well as other forms of cognitive impairment. Another case-control study, conducted by Tully et al (3) , found that patients with Alzheimer disease had significantly lower concentrations of serum cholesteryl ester-EPA than did control subjects. A third recent nested case-control study found that, whereas total nҀ6 PUFAs in erythrocyte membranes were associated with a greater risk of cognitive decline with an odds ratio of 1.59 (95% CI: 1.04, 2.44), a higher proportion of total nҀ3 fatty acids were associated with a lower risk of cognitive decline, with an odds ratio of 0.59 (95% CI: 0.38, 0.93) (2) . Whereas most of these studies showed an inverse association of plasma and erythrocyte nϪ3 fatty acids with cognition among older adults, others found either a null association for specific fatty acids or an opposite relation (55) .
Our hypothesized effect of this class of fatty acids on cognition has been linked with several biologically plausible mechanisms. These include preventing vascular abnormalities (56) , reducing inflammation (57), or both, as well as influencing membrane fluidity and ultimately neurotransmission (58) . For example, excess nҀ3 HUFAs (mainly DHA and EPA) can reduce the risk of thrombosis and reduce blood pressure, although both conditions are thought to alter arterial walls and impair oxygen and nutrient supplementation needed for normal cerebral functioning (59, 60) . It has also been established that nҀ3 HUFAs can reduce the plasma concentration of triacylglycerols (8, 61) and improve glycemic control and insulin sensitivity in type 2 diabetes (7, 62) . Their ability to lower LDL cholesterol has also been shown (63) , although this effect was not necessarily specific to this class of fatty acid, but rather to all PUFAs, including LA.
On the basis of our findings, reason exists to believe that subjects who are under increased oxidative stress, particularly hypertensive and dyslipidemic subjects, may benefit from enriching their diet with nҀ3 HUFAs, which are mostly found in cold-water fish (eg, salmon, tuna, and mackerel) and other foods of marine origin. Future research should attempt to conduct subgroup analysis by using actual markers of oxidative stress (64) . In addition, a randomized trial may be warranted comparing subjects with varied levels of oxidative stress in terms of their cognitive change response to increasing dietary intake of nҀ3 HUFAs using a more comprehensive battery of neuropsychological tests.
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